We describe an approach to detect dark matter and other invisible particles with mass below a GeV, exploiting missing energy-momentum measurements and other kinematic features of fixedtarget production. In the case of an invisibly decaying MeV-GeV-scale dark photon, this approach can improve on present constraints by 2-6 orders of magnitude over the entire mass range, reaching sensitivity as low as 2 ∼ 10 −14 . Moreover, the approach can explore essentially all of the viable parameter space for thermal or asymmetric dark matter annihilating through the vector portal.
I. INTRODUCTION
Existing techniques to search for dark matter (DM) are most effective in two regimes: if dark matter is heavy like a WIMP [1] [2] [3] [4] [5] [6] [7] , or if it is very light and coherent like an axion field [8] [9] [10] [11] [12] [13] . If dark matter is lighter than a few GeV and not coherent, then direct detection techniques are notoriously difficult. But some of the most appealing dark matter scenarios overlap with this difficult category, such as the case when dark matter and baryons have a common origin with comparable number densities [14, 15] or DM is part of a hidden sector (see [16] for a review). This largely open field of GeV-scale dark matter possibilities offers well-motivated discovery opportunities and is ripe for experimental exploration.
In either of the above scenarios, DM must interact with the Standard Model (SM) to avoid overproduction in the early universe. Among the simplest such interactions are those mediated by a kinetically mixed gauge boson (A ) associated with a dark sector gauge symmetry [25, 26] . Light DM that primarily annihilates through an off-shell A into Standard Model particles is largely unconstrained by available data [16] . With light DM and mediator mass scales m comparable, an acceptably small relic density robustly bounds the dark sector coupling α D and kinetic mixing (see Sec. 2) by (α D 2 ) relic density ∼ > O(1) × 10 −10 (100 MeV/m) 2 (1) This is an important benchmark level of sensitivity to reach to decisively probe this broad and widely considered framework for light DM. Recently, new beam-dump experiments have aimed to produce light DM candidates and then observe their scattering in downstream detectors [20, [27] [28] [29] [30] [31] [32] [33] [34] [35] . This is a compelling technique to discover light DM, but its reliance on a small re-scattering probability prevents this approach from reaching the milestone sensitivity of Eq. 1.
Achieving this sensitivity requires the identification of DM production events based solely on their kinematics, which in fixed-target electron-nuclear collisions is quite distinctive [36] . Light DM candidates produced in such collisions carry most of the incident beam-energy, so a forward detector that can efficiently capture the energy of electron/hadron showers can be used to observe this signature above irreducible backgrounds (which are small) and reducible backgrounds (which require aggressive rejection). In fact, an effort to exploit this feature and search for light DM using a secondary beam of electrons from SPS spills at CERN was proposed in [17] .
Our goals in this paper are twofold. We first evaluate the ultimate limitations for fixed-target DM searches using missing energy-momentum. While neutrino production reactions set an in-principle background floor, in practice such an experiment will likely be limited by instrumental backgrounds -specifically, detection inefficiencies that allow rare photo-production reactions to mimic the missing energy-momentum signature. This conclusion motivates experimental scenarios that can more efficiently reject such backgrounds. We therefore propose an experimental setup optimized to measure the recoil electron's kinematics and demonstrate that this measurement allows significantly improved kinematic background rejection and in situ measurements of detector inefficiencies. This approach can reach the milestone sensitivity (1) to robustly test vector portal light DM over the entire mass range from MeV−GeV. Moreover, a new-physics interpretation of any positive signal would be greatly bolstered by these additional kinematic handles. Figure 1 summarizes the potential sensitivity for a few benchmark scenarios, including for the first time in the literature a realistic calculation of the DM signal yields. Belle-II could explore the remaining m >GeV portion of this target if mono-photon triggers are implemented [18] . Beyond dark matter physics, the approach we advocate will play an important role in improving sensitivity to kinetically mixed dark photons that decay invisibly, nicely complementing the ongoing program of searches for visible decays [29, 30, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Indeed, while the window identified six years ago for visibly decaying dark photons to explain the muon g − 2 anomaly has recently been closed [56] , the corresponding parameter space for invisibly decaying dark-photons has not been fully explored. The approach outlined in this paper will cover the entire g − 2 anomaly region for invisible decays (as does the proposal of [17] ) and has sensitivity that extends beyond any existing or planned experiment by several orders of magnitude, in a manner largely insensitive to model details.
Section II summarize our benchmark model for light dark matter interacting with the standard model through FIG. 1: Sensitivity projection for a Tungsten-based missing energy-momentum experiment in a JLab-style setup with an 11 GeV electron beam (red curves, color online) for variations of Scenario B described in Sec. V and illustrated schematically in Fig. 2b . The upper-most curve labeled I (red, solid) represents the 90 % confidence exclusion (2.3 event yield with zero background) of an experiment with target thickness of 10 −2 X0 and 10 15 EOT, the middle curve labeled II (red, dashed) represents the same exclusion for an upgraded experiment with 10 16 EOT and a thicker target of 10 −1 X0 with varying PT cuts on the recoiling electron in different kinematic regions (see Sec. V for details), and the lowest curve labeled III (red, dotted) represents the ultimate target for this experimental program assuming 3 × 10 16 EOT and imposing the highest signal-acceptance PT cuts on the recoiling electron. Also plotted are the projections for an SPS style setup [17] using our Monte Carlo for 10 9 and 10 12 EOT. The black curve is the region for which the χ has a thermal-relic annihilation cross-section for m A = 3mχ assuming the aggressive value αD = 1; for smaller αD and/or larger m A /mχ hierarchy the curve moves upward. Below this line, χ is generically overproduced in the early universe unless it avoids thermal equilibrium with the SM. Combined with the projected sensitivity of Belle-II with a mono-photon trigger [18] , the missing energy-momentum approach can decisively probe a broad class of DM models. Without making further assumptions about dark sector masses or coupling-constants, this parameter space is only constrained by (g − 2)e [19, 20] , and (g − 2)µ [21] . If m A mχ, there are additional constraints from onshell A production in association with SM final states from BaBar [18, 20] , BES (J/ψ) [22] , E787 (K + ) [23] , and E949 (K + ) [24] .
its coupling to a new gauge boson ("dark photon") that kinetically mixes with the photon, and summarizes existing constraints. Section III summarizes the essential kinematic features of dark photon and light DM production. Section IV evaluates the ultimate limits of a fixedtarget style missing energy-momentum approach based on calorimetry alone, and in particular identifies important physics and instrumental backgrounds. Section V describes our proposal for a missing energy-momentum Here a single electron first passes through an upstream tagger to ensure that it carries high momentum. It then enters the target/calorimeter volume, and radiatively emits an A , which carries away most of the beam energy and leaves behind a feeble electron in the final state. b) Schematic diagram of Scenario B described in Sec. V. In this scenario, the target is thin to reduce straggling and chargedcurrent neutrino reaction backgrounds, the calorimeter is spatially separated from the target itself to allow clean identification of single charged particle final states. Additionally, the energy-momentum measurement of the recoil electron is used for signal discrimination, to reduce backgrounds associated with hard bremsstrahlung and virtual photon reactions, and to measure residual backgrounds in situ with well-defined data-driven control regions. For both scenarios, the production mechanism in the target is depicted in Fig. 3 .
experiment that can mitigate backgrounds using kinematic information and near-target tracking. Section VI summarizes our findings and highlights important directions for future work.
II. VECTOR PORTAL LIGHT DARK MATTER
Hidden sectors with MeV-GeV light DM are a simple, natural, and widely considered extension of the Standard Model. Such sectors remain weakly constrained experimentally, though they have been studied in many contexts -for example to address anomalies in dark matter direct and indirect detection [57] [58] [59] [60] [61] [62] , resolve puzzles in simulations of structure formation [63, 64] , modify the number of relativistic species in the early universe [65, 66] , explain the "cosmological coincidence" between dark and visible energy-densities [14, 15] , resolve the proton charge radius anomaly [67] [68] [69] [70] Radiative production of an A in a coherent electronnucleus collision followed by a prompt decay to dark sector invisible states A →χχ. Production ofχχ can also proceed through an off-shell A with an extra surpression of αD/π.
hidden-sector phenomenology [21, 60, 65, .
The elaborate parameter space for this large class of theories motivates a simplified-model approach for characterizing experimental bounds and projecting the sensitivities of future searches. To be concrete, we consider a simple dark sector consisting of a Dirac fermion DM particle χ with unit charge under a spontaneously broken abelian gauge group U (1) D . The most general renormalizable Lagrangian for this scenario contains
where A is the After electroweak symmetry breaking, the hypercharge field is B µ = cos θ W A µ − sin θ W Z µ in the mass eigenbasis, so the kinetic mixing between dark and visible photons becomes 2 F µν F µν , where ≡ Y cos θ W and θ W is the weak mixing angle. Diagonalizing the A, A field strengths, thus, gives all charged SM particles U (1) D millicharges proportional to e; any photon in a QED Feynman diagram can be replaced with an A , with its coupling to SM states rescaled by . This renormalizable simplified model serves as a useful avatar for a generic dark sector because its parameter space can easily be reinterpreted to constrain many other, more elaborate scenarios.
Beyond its role as a convenient parametrization for more general sectors, this scenario is also a self-contained, UV complete theory of dark matter. If the DM is particle-antiparticle symmetric and m A > m χ , the relic density is set by χχ → e + e − annihilation, which yields the observed abundance for 
where we have dropped terms of order in m χ /m A and m e /m χ The mass hierarchy m A > m χ and resulting dominant χχ → e + e − annihilation channel allow this scenario to remain compatible with CMB constraints (see below) 1 . Larger values of yield Ω χ < Ω DM , so χ can still be a subdominant fraction of the dark sector, but smaller values overclose the universe if χ was ever in thermal equilibrium with the visible sector, so this places a generic constraint on the parameter space. Indeed, even if the initial χ population is matter-asymmetric, the condition in Eq. 3 must still be satisfied to erase the thermally generated matter-symmetric χχ population. The lowest black curve in Fig. 5 is the region for which which a thermal relic χ comprises all the dark matter for m A = 3m χ and α D = 1. For lower α D or a greater m A /m χ ratio, the relic density curve moves upward on the plot, so experimentally probing down to this diagonal suffices to cover the entire parameter space for which the DM-SM coupling is appreciable enough to keep the χ relic density below Ω DM . The condition for χ to thermalize with the radiation in the early universe is,
assuming m A ∼ m χ . The parameter space along the relic density curve in Fig. 5 (black, solid) trivially satisfies this requirement over the full MeV-GeV range, so χ will have a thermal abundance in the early universe, and the only viable parameter space is above the relic density curve.
Beam-Dump Constraints
The parameter space for an invisibly decaying A in the MeV-GeV mass range is constrained by various electron and proton beam dump experiments. The strongest constraint over most of this range comes from the LSND measurement of the e − ν cross section [29, 93] , which can be reinterpreted as a bound on the DM production via π 0 → γA → γχχ followed by scattering off detector electrons χe → χe, which has the same final state as the neutrino search. Similarly the E137 axion search is sensitive to light DM via radiative A production followed by the decay toχχ and scattering via χe → χe to induce GeV-scale electron recoils in a downstream detector [31] . Finally, the E787 [23] and E949 [24] experiments, which measure the K + → π + νν branching ratio are sensitive to light DM via K + → π + A → π +χ χ, where the DM carries away missing energy in place of neutrinos.
Precision QED Constraints
Since A introduce corrections to leptonic vertices in 1 If m A < mχ, the dominant annihilation channel isχχ → A A , which is not suppressed by , is more readily constrained by late time CMB measurements, and easily leads to thermal underproduction in the early universe unless α D α. In this region of parameter space, A decays visibly and doesn't contribute to the observables considered in this paper.
QED diagrams, both the visibly and invisibly decaying A scenarios are constrained by measurements (g − 2) e,µ [19, 21] for ∼ > 10 −2 − 10 −3 and m A ∼ < 100 MeV. These are the only model-independent constraints that arise purely from virtual quantum effects that renormalize leptonic couplings to photons. However, for most choices of parameter space for both the visibly and invisibly decaying A , beam dump constraints will be applicable unless the decays yield elaborate visible cascades that may be vetoed by direct searches 2 .
Cosmological Bounds
Model dependent bounds also arise from out-ofequilibrium annihilation χχ → near T ∼ eV, which would partially re-ionize hydrogen and modify the power spectrum of the CMB []. However, this bound is easily easily evaded if DM is matter-asymmetric, the annihilation cross section is p-wave suppressed, or if χ is a pseduo-Dirac fermion; see [34] for a thorough discussion of this constraint. Other bounds from DM self interactions arise from the bullet cluster [94] . These are trivially satisfied so long as the self interaction cross section satisfies σ χχ /m χ ∼ < 0.1cm 2 /g, which implies
Finally, so long as A is in thermal equilibrium with the SM in the early universe, there are also constraints from N eff. [66, 95] as additional radiation changes the expansion history during primordial nucleosynthess. However for m χ,A ∼ > 100 keV, the bound is irrelevant.
Supernovae
In the absence of additional physics in the dark sector, an invisibly-decaying A faces astrophysical constraints by potentially allowing supernovae (SN) to release energy more rapidly than is observed. We outline the constraint briefly here, but such constraints deserve more careful study in the future. For on-shell A production and decay, the luminosity of A production is too small to be constrained for 2 
10
−20 with m A ∼ T SN ∼ 10 MeV [20] . For larger values of 2 , dark photons decaying to χ can be produced in the SN core with an appreciable luminosity, and these can diffuse out of the core carrying energy away. The scattering cross section of χ with baryons at finite temperature Here is fixed to be the smallest value constant with experiment (e.g. the lower rim of the green bands in Fig. 5 ). The solid black line represents the Br(A → e + e − ) = Br(A → e + e − ) = 0.5 boundary. The missing momentum fixed-target approaches described in this paper can cover the entire range of parameters that can resolve the (g − 2)µ anomaly. It is, however, still possible to evade some of the constraints if A decays in partially-visible cascades [34] .
(where v is the velocity of a typical χ), and when this is less than a few seconds, the luminosity is accordingly constrained. In the other limit where τ diff. exceeds a few seconds, a small fraction of trapped χ being produced can still escape with small probability e −R/d after each χ-nucleon interaction, so the total probability of scattering out of the SN after a typical N ∼ (1 sec × v)/d scattering reactions is N e −R/d . Using this escape probability and the χ luminosity of [20] , we find that SN requires
MeV range. Thus, even for α D ∼ α, SN constraints do not provide an important constraint on the range of couplings required for an acceptable χ relic density. At very small α D , the SN constraints do become increasingly relevant.
III. CHARACTERISTICS OF DARK MATTER PRODUCTION
We use the simple model of Eq. 2 to characterize the sensitivity of the experimental approaches described in this paper. This model allows for direct A production in a fixed target setting. The A can then decay invisibly to χ pairs when 2m χ < m A , or propagate virtually to allow direct χχ production. This later process is representative of direct dark matter production through a four-fermion operator with electrons. The former process covers the well-studied invisible decay of a dark photon [16] . We use a complete Monte Carlo model of χ production described in [36] , which uses a modified version of Madgraph 4 [96] , to calculate the signal yields. The modification of Madgraph 4 includes: (1) initial-state particle masses, (2) a new-physics model including a massive A gauge boson coupled to electrons with coupling e , and (3) introduction of a momentum-dependent form factor for photon-nucleus interactions. This section summarizes the important physics of production that will be exploited by the techniques described below.
We focus on an electron beam with energy E 0 exceeding O(1) GeV (suitable for JLab, for example) incident on a fixed target. On-shell A production is described in detail in the literature [36] , so we will only summarize key features. In terms of the energy fraction x = E A /E 0 carried by the A , a simple approximate differential crosssection for production is
dominated by A bremsstrhalung off the electron in scattering off target nuclei. whereΦ(m A , E 0 ) is defined in Eq. A18 of [36] and describes the coherent nuclear form factor. The minimum momentum transfer to the nu- Fig. 10 of [36] ), a logarithmic factor which for an 11 GeV beam on Tungsten is O(10) for A masses below a few hundred MeV, dropping rapidly below 1 for O(GeV) masses. This expression is dominated by the range (1 − x) δ where
The total A production cross-section scales as
The A yield for a mono-energetic beam on a Tungsten (W) target of t radiation lengths is given by
where X 0 is the radiation length of W in g/cm 2 , A the atomic mass in g/mole, N e is the number of electrons on target, and N 0 Avogadro's number (the latter factor is the "luminosity"). For the second line, we quote the raw yield for a benchmark beam energy of E 0 = 11 GeV, m A = 10 MeV computed in full Monte Carlo.
Three essential kinematic features of production are:
• The A energy is peaked at x ≈ 1, with median value 1 − x ∼ O( √ δ ). From our full simulation, we find 0.02 < 1−x < 0.2 for A in the MeV-GeV range and an 11 GeV beam energy.
• The A angle relative to the beam-line is also peaked forward (roughly as m A /E ×δ 1/4 ) in a narrower region than the typical opening angle for the A , i.e. m A /(E 0 x).
• The outgoing electron p T has a median value well parametrized by p T /MeV ∼ (m A /4MeV) 0.9 .
The qualitative features of on-shell A production off an electron beam apply equally to the case of χχ production mediated by an off-shell A (see [36] for a detailed discussion). Far above the A resonance, the cross-section differential in s χχ ≡ (p χ + pχ) 2 can be written simply as
The 1/s 2 behavior implies that the production is dominated near threshold, at √ s χχ ∼ (2−4)m χ . The peaking of the angle-energy distribution at forward angles and high χχ pair energy that were noted above continue to hold, with the role of m A now played by (few)×m χ . A reasonable approximation to this scaling in the case of fermionic χ is
where the second factor denotes the result of (9) at the fictitious A mass that dominates the s χχ integral. For bosonic χ produced through an off-shell A , the differential cross-section analogous to (10) is p-wave suppressed near threshold, resulting in a further suppression of yield by roughly an order of magnitude. For concreteness, we focus throughout the following discussion on the case m χ < m A /2 where on-shell A production dominates, but the experimental scenarios are equally applicable to the off-shell case.
IV. THE LIMITS OF A FORWARD CALORIMETER EXPERIMENT
As a baseline setup, we consider the scenario depicted in Figure 2 , based on the SPS proposal to search for light dark matter [17] . In addition to a full calculation of dark matter production rates, our goal is to calculate the irreducible physics limitations of this approach and identify those aspects of experimental performance that are likely to limit the sensitivity. This will directly motivate our proposal in section V.
We consider a very low-current beam of ∼ 10GeV electrons (the SPS proposal uses 30 − 50 GeV) directed into a detector with excellent forward calorimetry with the 
Kinetic mixing parameter space for a particular choice of dark-sector parameters mχ = 1 MeV and αD = 0.1. The dashed and dotted red curves are described in the caption of Fig. 1 and Section V and depict the reach of a JLab style missing energy-momentum experimental program with a Tungsten target. In addition to the more robust constraints plotted in Fig. 1 , here there are also bounds from from E137 [31] , LSND [29, 93] , and the visible BaBar search [18, 20, 97] . Also shown are projected sensitivities for SPS [17] , BDX [32] , DAEδALUS [98] , and Belle II [18] assuming the latter can implement a mono photon trigger.
goal of measuring missing energy in the forward direction. Figure I illustrates the layout of a calorimeter approach as "scenario A" -this is directly inspired by [17] . In typical signal events, the (invisible) A carries most of the beam energy, so that visible products carry only a small fraction of the energy and forward momentum of the beam. For the low-energy electron recoil to be an effective signal, it is essential to detect the passage of one electron at a time through the detector and the absence of other detected objects originating from the collision carrying momentum along the beam direction. For concreteness, we identify as "signallike" events with a single EM shower in the calorimeter, consistent with a recoil electron in the energy range 50 MeV < E e < 0.1E beam ≈ 1GeV, with a veto on any additional EM showers, hadronic showers, or minimumionizing particles traveling along the beamline in time with the incoming electron. Each incoming beam electron is tagged as a high energy electron, either using a magnetic selector, near target tracking in a magnetic field, synchrotron radiation tagging techniques (see [17] ), or a combination.
In this scenario, the target is a calorimeter in the forward part of the detector, much thicker than one radiation length. A clean detection requires that the production reaction happen in the first few radiation lengths and before any hard radiation processes or appreciable straggling. The physics of straggling (electron energy loss) in the first radiation length of materials is discussed in detail in Tsai [99] . Using the results of section IV.A. of that paper, we find that 70% of hard-scattering events in a thick target are preceded by photon emissions totalling > 0.1E b . The showers initiated by these photons would contribute to the measured energy of the recoil electron, pushing it outside the signal window. Thus, only the remaining 30% of signal events can pass the recoil energy selection. Additionally, the efficiency for the recoil electron to carry less than 10% of the beam energy is about 50 − 75% (depending on the A mass), with even more suppression for A masses below 5 MeV. These two effects lead to an overall signal efficiency of κ ≈ 0.15 − 0.23 (depending on mass). In all calculations throughout this paper, we use full Monte Carlo simulation of signal eN → eN A production with a monoenergetic electron beam, including form factor suppression associated with the coherent nuclear scattering off of a nucleus N , following the treatment of [20] . We additionally include the inefficiency penalties for straggling and recoil-electron energy fraction E e < 0.1E beam as described above, with the latter evaluated in Monte Carlo for each A mass. For reference, the signal yield for the benchmark model of on-shell A production is
where T ∼ 1 is the thickness in radiation lengths, κ ≈ 0.2 (at m A = 100 MeV), and N e is the number of electrons on target. Additional form-factor suppression occurs for m A 100 MeV in Tungsten. For future reference, N e = 10 16 electrons impinging on one radiation length of Tungsten corresponds to an integrated electron-nucleon luminosity of 40 fb −1 and electron-nucleus luminosity of 0.2 fb −1 .
A. Beam and Timing Characteristic Limitations
To cleanly measure missing energy with the calorimeters, one must avoid pile-up reactions where the calorimeter response to different electrons' showers overlaps. This constraint dictates the maximum beam current for the experiment. If all electrons are hitting the same point on the calorimeter, they should therefore be spaced by at least the decay-time of the detector (preferably a few decay times), or at least 30−100 ns apart [100] , i.e. beam currents ∼ (1 − 3) · 10 7 e/s or a few pA. By using a diffuse secondary beam or high-frequency beam rastering, the pile-up of electrons could be spread out over the calorimeter's area allowing rates as high as 10 9 e/s = 160 pA (for a calorimeter 10's of cm in transverse size). Over several months ∼ 10 7 s, these two scenarios would deliver 10 14 or 10 16 electrons on target (EOT). This is not an irreducible limit, but a challenging technological one to overcome.
To keep beam related backgrounds minimized, high purity beams are required. The only high purity (10 −4 − 10 −6 or better) beams capable of supporting this mode of operation are continuous wave (CW), such as those found at Jefferson Lab or Mainz. Multi-GeV electron beam energies place the missing energy signal from A or χχ production far from detector energy thresholds and allow higher-mass dark matter production, so we will focus on the 11 GeV CW beam capabilities of JLab's Continuous Electron Beam Accelerator Facility (CEBAF). CEBAF has achieved currents as low as 100 pA, and could go at least a factor of 2 lower 3 , but beam diagnostics at such low currents are challenging. From the detector timing point of view, a CW beam current of ∼ 2 pA would allow for difficult but still well separated 10 MHz timing, while an easier to achieve ∼ 20 pA would only allow the more challenging 100 MHz operational mode, in which case some level of rastering would be desirable. In practice, operation at few-pA (or lower) currents may be most readily realized using a secondary beam of elastically scattered electrons from a thin target, which are then magnetically deflected (and collimated) into the opening aperture of the detector. This has the advantage of spreading the incoming electrons from each other so that they react in different parts of the detector, but it will likely introduce beam impurities that must be specifically rejected.
B. Real Missing Energy Background
The physics backgrounds for this scenario involve the production of high-energy neutrinos which carry away the beam energy. Relatively few Standard Model processes produce only neutrinos, without accompanying charged particles which could be vetoed, and those that do are weak-interaction processes whose cross-sections are suppressed by G F . The two leading (effectively) irreducible reactions are:
Moller + Charged-Current Exchange: Even with electron-and photon-initiated shower separation, a Moller scattered electron can initiate the recoil shower while the beam electron undergoes a charged-current quasi-elastic (CCQE) reaction eN → N ν. The CCQE reaction e − p → ν n has a cross-section of 8 fb per nucleon at 10 GeV incident beam energy (from the Particle Data Group NUANCE fit to measuredνp → e + n crosssections [100] ). Requiring the Moller electron to have energy exceeding E min = 50MeV, the Moller cross-section per target atom is approximately
m e E min ≈ 0.4b (13) in W , bringing the rate for both processes to occur together in the first radiation length to 1 − 2 events per 10 16 electrons. These rate scales with the atomic mass and number of the calorimeter material as A/(Z (Z +1) 2 ), and so can be significantly larger for low-Z organic materials than the rates given above. For example, the yields in elemental Carbon are ∼ (0.25) × 3000 CCQE events and ∼ 100 Moller + CCQE events per 10 16 EOT. Neutrino Pair Production: The production of neutrino pairs, e N → e νν N , through electroweak interactions diagrams analogous to electromagnetic "trident" processes produces a final state much like our signal, because the invisible νν pair frequently carries away most of the beam energy. For a 10 GeV beam incident on Tungsten, the process has a cross-section σ eN →eN νν = 0.03 fb computed using MadGraph [96] , corresponding to a mere ∼ 6 · 10 −3 events per 10 16 electrons on target (roughly independent of target material).
Additionally, for typical calorimeter performance, there are two more backgrounds that in practice dominate over the above:
Bremsstrahlung + Charged-Current Exchange: If efficient electron-and photon-initiated shower separation is not readily possible in the calorimeter using shower shape discrimination, then the largest background is a low energy electromagnetic shower initiated by soft bremsstrahlung followed by a CCQE reaction. The probability of the incident electron not initiating a shower with 5 − 10% of the beam energy over the first radiation length is 0.25 − 0.3 (see above). Using the above CCQE cross section we obtain a yield of 80 events per 10 16 incident electrons. The inclusive charged-current rate is a factor of 4 larger, but the resulting hadronic showers will fail the requirement of low recoil shower energy. Of course, with efficient (i.e. 99%) electron-and photoninitiated shower separation, one can reject CCQE events by requiring electron initiated showers, but this is likely not feasible.
Charged-Current Exchange with Exclusive π 0 Final State: A significant fraction of charged-current reactions result in a single-pion final state, e.g. e − p → ν n π 0 . As before, this is technically reducible with efficient electron-and photon-initiated shower separation, but difficult. The cross-section at 10 GeV incident energy can be estimated from related neutrino-induced processes [100] 
16 EOT in Tungsten (scaling as A/(Z(Z + 1)). We have again included the factor 0.25 − 0.3 corresponding to the probability of the incident electron not initiating a shower with 5 − 10% of the beam energy over the first radiation length.
In summary, background-free sensitivity is limited by irreducible weak backgrounds for 10 16 EOT, comparable to the (practical) maximum deliverable charge. Depending on the composition of the calorimeter (lower background for high-Z materials) and the ability to discriminate π 0 's and photon-initiated showers from recoiling electrons, the more realistic limit may be 10 14 EOT. We emphasize that realizing the full 10 16 EOT limit requires a technologically advanced tracker/calorimeter in the first couple of radiation lengths that can separate recoiling electrons vs. π 0 decays and soft brem (electron straggling) initiated showers. 98 − 99% rejection of these backgrounds is required to reach the background-free luminosity limit close to 10 16 EOT, but this hardly seems realistic -the next section will describe how these can be reduced somewhat with a modified approach. With a more attainable background-free limit of 10 14 , the sensitivity of such an experiment would have 90% exclusion sensitivity of
corresponding to 2.3 signal events.
C. Reducible Physics Backgrounds
The main class of reducible physics backgrounds, which we focus on here, is where most of the beam's forward momentum is carried by ordinary visible particles (hard photon(s), lepton(s), and hadron(s)), but these are not efficiently detected.
Because hard bremsstrahlung occurs with O(1) probability in a thick target, it is a background that must be mitigated quite dramatically. With 10
16 (14) EOT, we expect ∼ 3 · 10 14 (12) incident electrons to deposit at least 90% of their energy in a single hard bremsstrhalung photon (events in which two or more photons share this energy are more numerous, but also much easier to detect). The concept of a conventional "photon veto" is not very useful for this level of rejection. Rather, it is imperative that the detector be sensitive to rare photon-initiated processes (especially hadronic reactions and muon pair-production, which occur before an electromagnetic shower is initiated with probabilities ∼ 3 · 10 −3 A/Z 2 and 10 −5 , respectively). We therefore begin by estimating the requirements for an experiment to achieve 1 background event per 10 16 EOT, starting with the rejection of real photons whether they induce standard electromagnetic showers or other hard reactions.
Electromagnetic Showers The desired sensitivity imposes two requirements on the electromagnetic calorimeter (ECAL) for the experiment: it must be thick enough that an incident photon will interact with a probability > 10 −15 , and must not have cracks or dead regions in which the interaction/detection probability is substantially reduced. The first requirement dictates the minimum depth of the calorimeter to be ∼ 35 photon conversion lengths or 45 radiation lengths. For a high-Z material like Lead Tungstate, this can be achieved in a very reasonable 35 cm of active material.
It remains to consider the relatively rare hard interactions of a ≈ 10 GeV photon in such a detector. Since the depth requirements motivate a high-Z calorimeter material, we focus for concreteness on interactions in elemental Tungsten, whose yields are within O(1) of the expected yields in Lead Tungstate or a tungstenbased sampling calorimeter. A useful point of reference is the photon-conversion cross-section in Tungsten, σ γN →e + e − N ≈ 35 barns.
Hard-Photon-Induced Hadronic Showers The inclusive photon-proton(neutron) cross-sections for ≈ 10 GeV photon energies are ≈ 120 (110) µb [101] , for a per-nucleus cross-section in Tungsten of about 21 mb and an inclusive probability ∼ 10 −3 per photon. The majority of these reactions produce multiple charged particles and/or π 0 's (see [102] for a detailed breakdown in γp scattering at 9.3 GeV). For example, the results of [102] report at least three final-state charged hadrons in 93% of these events; one would expect comparable two or more charged hadrons in a comparable fraction of γn events.
Though [102] , a bubble chamber experiment, did not directly detect π 0 's, one can infer from their data that about 70% of these events contain multiple charged hadrons and at least one π 0 or photon; a further 15% have either five or more charged hadrons in the final state. In the present context, these events are relatively easy to reject compared to exclusive processes with relatively few-body final states (in particular, γN → N π + π − which is large and dominated by a diffractive process, and γN → nπ ± because it contains only one charged finalstate particle), which we consider more carefully below.
A large hadronic background arises from diffractive γN → ρN scattering, with ρ → π + π − . The measured cross sections for 10 GeV incident photons is σ γp→ρp ≈ 15 µb [103] , consistent with diffractive ρ production dominating the inclusive π + π − p final state of [102] , for a probability of 7 × 10 −5 per incident photon (accounting for a similar rate from neutrons) or 2 · 10 10 events per 10 16 EOT. In a diffractive process, the final-state nucleon is not energetic. If both pions are energetic and travel through the detector, then pion rejection with 10 −5 inefficiency would be required to bring this background down to the single-event level.
K S K L production (via the φ or otherwise) is another potential source of background, with a cross-section per nucleon that should be comparable to σ γ p→pK + K − ≈ 0.6µb from [102] , yielding ∼ 10 9 expected K L K S events per 10 16 EOT. For 10 GeV photon energies, the decay products of the K S typically carry a few GeV. So the resulting prompt K S → 2π 0 decay yields an electromagnetic shower that is well above veto threshold, while K S → π + π − yields a lower two-pion rate than the ρ (with the added possibility of detecting the more energetic recoiling nucleon).
Though small in rate, processes γ N → π N can be challenging to detect. The process γp → π + n has an inclusive cross-section σ γp→π + n ≈ 0.2µb per proton [104] , or σ γZ→π + n+(Z−1) ≈ 15 µb per nucleus for a relative probability of 4 × 10 −7 per incident hard photon and ∼ 10 8 such events per 10 16 incident electron. The process is dominated by a t-channel Regge trajectory, and so usually both the neutron and the pion will carry appre-ciable energy and forward momentum. In a suitably-built meter-scale hadronic calorimeter, the neutron energy can be be converted into a visible hadronic shower with an inefficiency of order 10 −3 . A charged pion inefficiency at the level of 10 −5 would then be necessary to remove this background.
Another failure mode for γp → π + n reaction is the region of phase near u → 0, where the π + recoils backwards or transverse to the beam direction with sub-GeV momentum and the neutron carries most of the hard photon's energy. The cross-section for this region of phase space is ∼ 1 nb/nucleon for 10 GeV photons [105, 106] , leading to ∼ 10 6 such events per 10 16 EOT (accounting also for a similar rate from γp → π + n). Rejecting all such events would require an additional detector upstream of the main target specifically designed to reject back-scattered pions, and/or a significantly higher neutron detection efficiency ∼ 10 −6 (for reference, the proposal [17] finds a neutron detection inefficiency ∼ 10 −9 . By similar considerations, potential pure multi-neutron backgrounds reactions γn → nnn have a cross section of 0.1 µb per nucleon yielding 10 8 such events per 10
16
EOT, but these too can be vetoed for inefficiency less than 10 −3 .
Muon Conversion Photon conversion into muon pairs presents another source of background, with a probability ∼ 2 · 10 −5 per incident photon. The simplest background occurs from missing the muons altogether, but so long as the muon inefficiency is comparable to the pion inefficiency, this background is subdominant compared to the ρ → π + π − background. In-flight decays that occur within the first few cm of the interaction point can yield an electron with lab-frame energy GeV if its center-of-mass-frame momentum points backward. Without near target track tagging, this electron will easily be lost in the recoil electron shower. The probability for a muon to decay in this configuration ranges from 10 −6 to 10 −5 for muons in the 0.5 − 5 GeV range. This yields a probability for in-flight decay followed by missing the remaining muon at the 10 −16 level for 10 −5 muon veto inefficiency.
Electron-Induced Backgrounds Further reducible backgrounds arise from either hadronic interactions of the incident beam electron or muon trident reactions, in the phase-space where the final-state electron carries relatively little energy. These reactions proceed dominantly (indeed exclusively, for the hadronic interactions) through virtual-photon emission, and are therefore quite closely related to the interactions of real photons mentioned above. They are, however, subdominant, because they are suppressed by a factor of ∼ α 2π log(µ/m e ) 1 relative to the analogous real-photon-induced processes. (T /X 0 =45) < 1 Figure I (A), and described in more detail in the text. The magnitude of these dominant backgrounds are given in terms of the muon veto inefficiency µ, pion veto inefficiency π , and neutron veto inefficiency n for 10 16 electrons on target (EOT). Active efficient (∼ 98%) tagging of π 0 and electron-initiated showers is required to bring real missing energy backgrounds down to the level of O(1) events per 10 16 EOT, and this would additionally require n ∼ 10 −6 and µ/π 10 −5 to control other backgrounds. More realistically, the ultimate background-free luminosity limit of this approach is 10 13 EOT.
D. Summary of Sensitivity Estimate (and Limitations)
The primary backgrounds and corresponding veto inefficiency are summarized in Table I . Hadronic and muon reactions provide ways for photon energy to be missed in any reasonable forward calorimeter detector (even without cracks and other dead spots). Aggressive charged pion/muon veto inefficiency of 10 −5 and neutron veto inefficiency of 10 −6 is needed to control reducible backgrounds for 10 16 EOT, but real missing energy will likely limit the background-free luminosity to 10 14 EOT. Should charged pion inefficiency enter at the more mild 10 −4 level and energetic neutron inefficiency at the 10
level, hard γp → π + n reactions could dominate the "missing photon" background (at the 10 −13 level) while two-pronged diffractive hadronic reactions are comparable (at the 10 −14 level). In this case, the background-free luminosity cannot realistically exceed 10
13 EOT with a calorimetric approach alone, and the limiting exclusion sensitivity of such an experiment would reach 2 down to, 
corresponding to 2.3 events. To achieve this level of sensitivity, an experiment running with a beam current close to 10 6 s −1 (0.16pA) integrated for 10 7 s or potentially 10 7 s −1 integrated for 10 6 s would be reasonable. This level of sensitivity is really exclusion sensitivity, not discovery potential. The basic difficulty is that using calorimetric techniques alone, one cannot in-situ measure the backgrounds using isolated control samples. So if excess events with large missing energy-momentum are seen, it would be difficult to justify that it is new physics and not one of the above reducible backgrounds entering at a larger than expected rate. This fact, and detailed knowledge of the reducible physics backgrounds described above motivate a new modified approach described below.
V. NEAR TARGET TRACKING AND CALORIMETER APPROACH
The calorimetry approach is premised on the distinctive kinematics [36] of the recoiling electron in darkmatter production, which typically carries only a small fraction of the beam energy (Figure 7 ) for dark matter (or A') mass larger than the electron mass. Realistically, however, missing energy due to missed pions from photoproduced ρ's, pion and muon trident reactions, and hard few-pronged hadronic reactions will be difficult to reject below the 10 −10 level without very aggressive veto performance.
In this section, we outline a scenario that exploits a dedicated thin target foil with near-target tracking of charged particles. This approach enhances the physics performance in the following crucial ways:
• Reduce and/or reject all neutrino-related backgrounds down the level 10 −16 N e T for N e electrons on a target of thickness T
• Reject hard brem backgrounds by an additional factor of 100−10 4 using the recoil electron's transverse momentum and energy characteristics
• Facilitate rejection of virtual photo-production backgrounds by using tracking and by spatially separating the final-state particles' energy deposition in the calorimeter
• Using the recoil electron's p T and energy, one can define control regions for measuring backgrounds in situ and discriminating between the kinematics of signals and backgrounds, allowing a compelling demonstration of a signal interpretation for any excess of missing energy events
The strategy, summarized by Figure 2 , draws on aspects of Scenario "C" in [36] as well as the scenario described in the previous section. Instead of directing the beam directly into an active calorimeter target, the target is a thin (T ∼ 0.01 − 0.1) isolated foil of high-Z material embedded in a tracking region designed to detect outgoing charged particles. This way, one can specifically identify events with only one charged particle (identified as an electron downstream) emanating from the target interaction point. Downstream of the target/tracker, one could use the same detector configuration as used for the calorimeter approach. The tracking elements can be either silicon, scintillator, or drift chamber based (the main considerations are minimizing material thickness and maintaining low dead-time in a flux of 10 7 −10 9 e − /s). The calorimeter remains the primary tool for energy measurements, so the tracker could be placed in an analyzing magnet for momentum measurements or used without a magnet simply to identify charged particles. In either case, as with the calorimetry alone approach, the incoming electron will need to be tagged as carrying high momentum.
A. Reduction of Neutrino Backgrounds
The largest neutrino-related backgrounds identified in Section IV were due to (1) electron straggling (energy loss) followed by CCQE neutrino reactions, (2) CCQE with a π 0 , and (3) Moller electrons produced before a CCQE reaction. In a thin-target configuration, the photon-and π 0 -induced showers from processes (1) and (2) can be distinguished from recoil electrons by the absence of a charged track and, in (2), a single EM shower. In addition, (1) and (3) require a sequence of two interactions in the target and therefore are reduced by lower target thicknesses. In the case of (1), a recoil electron can only be faked if a bremsstrahlung photon above the detection threshold of 50MeV is produced in a portion of the target preceding the CCQE event, then converts into an e + e − pair -a triple interaction suppressed by a factor of ∼ 1/T 2 relative to CCQE alone in a target of T radiation lengths (to be compared to the probability ∼ 0.2 of straggling before CCQE in a thick target). For (3), the suppression relative to a thick target is simply 1/T . So for a target thickness of T 10%, we expect these backgrounds to fall to a negligible level for EOT eff ≡EOT×T = 10 16 .
B. Reduction of Hard Bremsstrahlung and Muon Trident Backgrounds
The ability to measure the recoil electron's energy and angle emanating from the target allows kinematic separation of the A or DM signal from the background. The leading backgrounds for the calorimeter approach involve a hard bremsstrahlung photon which is not detected because it interacts with a nucleus, yielding a small number of neutrons, charged pions, and/or muons which can be difficult to detect. Rejecting hard brem events using the recoil electron's kinematics relaxes the demanding veto inefficiency requirements for the experiment to reach a given sensitivity. + µ − trident) and for the dark matter signal (unfilled histograms with dark photon mass of 25, 150, and 500 MeV from left to right). Histograms are normalized to unit area and include only events in the region 50MeV < Ee− < 0.1E beam and are generated with a beam energy of 10 GeV and a Tungsten target. This figure demonstrates that electron pT alone can be used to discriminate a dark matter signal from the dominant bremsstrahlung background; higher-order QED reactions like multiple photon emission and electron pair production have similarly peaked pT distributions. Used alone, pT distributions cannot be used to reject photo-production of massive particle final states, such as µ + µ − or hadronic final states, from internal (virtual) photons. However, these can still be differentiated from signal by using the recoil electron's energy spectrum (see Figure 7) .
Two kinematic features can be used to distinguish A signals from bremsstrahlung: low electron recoil energy (used already in the previous section) and high recoil p T . Multiple scattering creates an intrinsic p T resolution σ(p T ) ≈ (19.2MeV) × √ T for the recoiling electron, in a target T radiation lengths thick. Thus, it is never practical to consider p T cuts below a few times this σ. At p T larger than a few σ, the single Coulomb scattering approximation is reasonable (within a factor of 2 or better) and the p T falls off with the same power-law as the intrinsic angular distribution of bremsstrahlung. Thus the fraction of bremsstrahlung recoil electrons that carry low energy and have a sufficiently large p T is given approximately by
The first term in brackets is due to the intrinsic bremsstrahlung angular distribution and the second due to wide-angle scattering of the recoiling electron, which dominates for targets thicker than about 2%X 0 . By requiring a recoil e − with p T > 20 (50)MeV, hard brem can be rejected by a factor of 10 −3 (−4) for thin tar- 2.
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FIG. 7:
The four panels show the density of events in recoil electron pT and energy fraction ye ≡ E e − /EB, for bremsstrhalung and muon trident backgrounds (top) and dark matter signal with two representative A masses (bottom). The y-axis is scaled as 1/p 2 T , so that the bremsstrahlung distribution is very nearly uniform for pT me and y 1. The color denotes the density of events in a given bin, relative to a uniform density (dark colors denote high event densities and light colors denote under-densities). The dark matter signal events accumulate at relatively high pT and low recoil energy (with the scale of each dependent on the A mass), while bremsstrahlung is roughly uniform. Muon trident events are also clustered at large pT , but differ considerably from the signal in their recoil-energy distribution. Other heavy-particle-production processes initiated by a virtual photon are expected to share the qualitative features of the muon trident process.
gets (see Figure 6) . In a 0.1X 0 target, multiple scattering dominates over the intrinsic bremsstrahlung p T spectrum reducing the rejection power by a factor of 5-10. These cuts have reasonable signal efficiency for m A p T,min . A more sophisticated cut, using correlations between electron p T and energy (see Figure 7) , should achieve comparable background rejection with much higher signal acceptance at slightly lower A masses but we have not attempted to optimize this.
To a very good approximation, the rejection power of the electron p T cut and final-state veto are uncorrelated (events surviving the p T cuts considered above will have a typical photon angle relative to the beamline of only p T,min /E 0 ≈ 2 − 5 · 10 −3 , well below the angular scale of the apparatus). Thus, the factor of 10 2 − 10 4 rejection obtained by kinematics is in addition to that obtained from the veto of energetic final-state particles. In Section IV, we argued that trident reactions eN → eN + µ + µ − and virtual-photon-induced reactions eN → eN + X with missed pions, muons, and/or neutrons were suppressed relative to photoproduction by the effective photon flux α 2π log(µ/m e )
1. However, with hard brem dramatically reduced by kinematic cuts these backgrounds can no longer be neglected. To a good approximation, both types of reactions can be well approximated using the equivalent photon approximation:
dz dp
where z is the energy fraction of the photon, and p T is the transverse momentum given to the photon. For a real electron, the photon virtuality is q 2 = p 2 T /(1 − z) and the momentum integral should be taken over the appropriate range for a given set of kinematics. This appproximation breaks down for photon virtualities large enough to alter the effective γN cross-section -q 2 ≈ m 2 µ for muon tridents and slightly larger for most QCD processes (the scale we denoted by µ above). So the distribution of electron recoil p T 's is only logarithmically enhanced at low p T . In other words, with a p T,min cut the cross-section for a given virtual-photon-induced background is suppressed by
, and can dominate over real-photon-induced reactions surviving the p T cut. For the case of muon trident events, we can see the lack of low-p T enhancement in a full QED Monte Carlo in Figure 6 .
To be of interest to us, however, such reactions must occur inside the target. The near-target tracking provides an additional handle to further reduce these backgrounds. For example, trident reactions eN → eN + µ + µ − and diffractive eN → eN ρ → π + π − will have three charged particle tracks emanating from the target, rather than the single charged track expected in the signal. Even with a tracking inefficiency of 10%, such threepronged events can be rejected at the level of factor of 100 level. Thus, these virtual photo-production trident reactions should be down by ∼ 3 × 10 −5 compared to their real-brem-induced counterparts (before kinematic rejection), and remain subdominant even after a hard p T cut.
Similar rejections apply to the K 0 L K 0 S background (two extra tracks) and the π + n background in its dominant kinematics, with a hard forward π 0 (one extra track). The only virtual-photon-induced backgrounds we have identified for which this rejection is not relevant are the u-channel nπ + process (where the pion goes backwards) and 2nn. However, these two processes were already fairly low in rate, so a reasonable veto efficiency suffices to bring them to a negligible rate. Accounting for the 3 · 10 −3 lower inclusive rate for virtual-photon-induced reactions over real photons bring these backgrounds down to the level of ∼ 3 · 10 3 n and ∼ 3 · 10 5 3 n events respectively per 10 16 EOT eff , where n is the neutron detection inefficiency.
D. In-Situ Measurement of Residual Backgrounds
We have already highlighted the importance of recoil electron p T and energy as discriminating variables to reject background. They can also be used to measure background rates associated with instrumental inefficiencies for detecting real-or virtual-photon-initiated reactions. Figure 7 recasts the energy and p T variables in terms of the electron's energy fraction y e = E e /E B and 1/p 2 T . In these variables, the bremsstrahlung background distribution is nearly uniform (for y e far from 1), while signals are peaked in the lower left corner (higher p T and lower y e ). The distribution for muon trident events is also shown, and is dominated at relatively high p T but high y e relative to the signal. Virtual-photon-induced hadronic reactions are expected to have the same qualitative distribution as muon tridents.
This kinematic separation of the signal from backgrounds allows the use of kinematically selected control regions in which to measure or bound in situ the rates for failing to detect these two types of background reactions: a low-p T and moderate y e control region for bremsstrahlung, and a high-p T moderate y e control region for virtual-photon-induced processes like muon tridents. For the high A mass hypotheses, very clean background-enriched samples can be produced.
Of course, for many backgrounds we also envision many independent factors being used in the rejection (e.g. tracking and calorimetry). Inverting these cuts one at a time can also be used to determine the total rejection for a specific exclusive process often with better statistical uncertainty than the kinematic control regions alone. But the virtue of the kinematic control regions is their inclusiveness -their effectiveness relies only on the dominance of electromagnetic interactions for electrons, the non-zero mass of the A (for separation of signal from real-photon backgrounds), and the difference in masses between electrons and muon/hadrons (for separation of virtual-photon backgrounds)! Therefore, kinematic separation allows reliable estimates or bounds on the background even from final states whose importance has not been anticipated.
Put another way, if a reasonably large excess of O(10) events or more is observed, these kinematic handles can be used to credibly identify it as a new-physics signal or as probable background. This is an important handle for an experiment to have real discovery potential.
E. Performance and Sensitivity Summary
The near-target tracking layout offers several advantages over a target-calorimeter based approach, which to-TABLE II: Summary of "real" missing energy backgrounds and reducible "fake" missing energy backgrounds for the neartarget tracking and calorimetry concept illustrated in Figure I (B), and described in more detail in the text. In practice, T ≈ 0.1 (with a pT > 20 MeV selection) is sufficient to control CCQE backgrounds for 10 16 EOT eff . For a thin T ∼ 0.01 target with pT > 50 MeV selection, real photon backgrounds can be kinematically reduced by 10 4 , in which case readily attainable n ∼ 10 −2 and µ/π ∼ 10 −3 are sufficient to control fake "missing" photon backgrounds for 10 16 ×0.01 = 10
14
EOT eff . Going to a thicker target T = 0.1 reduces the effectiveness of the pT selection down to ∼ 200 rejection of real photon backgrounds, and requires a corresponding improvement for the veto inefficiencies.
gether improve its overall sensitivity reach as a function of veto performance, as well as enhancing the potential for a credible discovery. Figure 1 summarizes the sensitivity reach for several benchmark cases. The red curves in Fig. 1 depict expected 90% exclusion regions for various realizations of the near target tracking scenario (Scenario B). The solid curve labeled I assumes 10 13 EOT eff and target thickness of T = 0.01X 0 , while the dashed red curve labeled II assumes 10 15 EOT eff and T = 0.1X 0 . Both solid and dashed lines compute signal yield requiring either (P T (e) > 20 MeV and 50 MeV < E e < 0.1E beam ) with 2.3 event sensitivity for a 90% exclusion or requiring just (50 MeV < E e < 0.1E beam ) with 35 event sensitivity for a 90% exclusion; whichever yields a smaller for a given value of m A . This corresponds to a scenario with a total of ∼ 300 background events, dominated by real-photon conversions. For high A masses an effective search strategy is to cut away from these events using recoil electron p T ; for lower A masses, it is more efficient to measure the backgrounds in a control region and statistically subtract them. The dotted red line labeled III represents the ultimate limit of this experimental program and assumes 3 × 10 15 EOT ef f incident on a T = 0.1X 0 target, assuming zero backgroun in the range (50 MeV < E e < 0.1E beam ) for a 90% sensitivity limit of 2.3 signal events. We also show our estimated 90% exclusion sensitivity for an SPS configuration (30 GeV beam energy on Tungsten) with 10 9 and 10 12 EOT eff 4 .
To see how background yields are reduced by the factors discussed above, we consider a benchmark neutron veto inefficiency of n ∼ 10 −3 and muon/pion inefficiency of µ/π 10 −3 . In this case, referring to Table I , the target-calorimetry approach would be background limited at the level of N e × T = 10 12 EOT eff , while the near-target tracking could reach 10 14 EOT eff . Signal production is reduced by the thinner T and p T selection, but that is partially compensated for by the complete reduction of straggling losses yielding an overall ∼ 70 reduction in signal yields when compared to T = 1 (at m A ∼ > 50 MeV for example), so that signal over background can be improved by ∼ > 100 in this case. This leads to a ∼ 100 improvement in background limited 2 sensitivity.
In practice, a larger T ≈ 0.1 is sufficient to control CCQE backgrounds, and so with better veto inefficiency of n ∼ 10 −5 and µ/π 10 −4 one could reach 3 × 10
15
EOT eff background limited luminosity. In this case, signal yields are only reduced by a factor of ∼ 3 (only mild straggling reduction for T = 0.1) relative to T = 1 for m A ∼ > 50 MeV, and the limiting exclusion sensitivity of such an experiment would reach 2 down to, To reach the full potential of a fixed-target missing momentum approach, it appears essential to use some form of near-target charged particle tracking and basic kinematic handles of the recoil electron, as we've described. In this case it may be possible to robustly cover essentially all of the theoretically interesting range of α D
2
(over the MeV-GeV mass range) in Eq. (1). 4 Our signal yield estimate for the SPS set-up at 90% C.L. exclusion is ≈ 20 − 30 times lower than what is inferred from Fig. 19 of Ref. [17] . The difference is due to including full Monte Carlo simulation of the form factor suppression as a function of A mass, including O(50 − 70%) efficiency for a signal event to have electron recoil energy below 0.1E beam (even smaller than 50% for m A 10 MeV), and a 30% efficiency that we apply to the signal to account for straggling effects -there's a large probability that multiple (forward) Bremsstrahlung will reduce the incident electron energy to < 0.9E beam before the hard scatter that produces DM. In that case, one would see a shower above 0.1E beam even if the e − recoil energy is low, and veto the event. These factors combined account for the factor of 20 − 30 discrepancy in yields and corresponding sensitivity to .
VI. DISCUSSION AND CONCLUSION
In this paper, we evaluated the irreducible physics limitations for fixed-target DM searches using missing energy-momentum. For the pure calorimetric concept as outlined in Section IV (Scenario A in Figure I ), based on the SPS proposal in [17] , the realistic limitation will likely be detection inefficiencies that allow rare photo-production reactions to mimic the missing energymomentum signature. This assumes that beam impurity backgrounds can be kept small (perhaps more realistic for JLab CW beam than SPS secondary beam). Nonetheless, with aggressive veto inefficiency performance, the ultimate reach of this approach may only be limited by irreducible neutrino (quasi-elastic charged current) backgrounds and neutrino trident production.
To enhance the sensitivity of this approach, we advocate the use of a separated (high-Z) thin target with near-target tracking and calorimetry (Scenario B in Figure I) to measure the kinematics of the recoiling electron. The thin target reduces straggling and charged-current neutrino reaction backgrounds. Spatially separating the target from the calorimeter and adding tracking allows clean identification of exclusive single charged particle final states and corresponding reduction of virtual photon backgrounds. Additionally, the energy-momentum measurement of the recoil electron can be used for signal discrimination, reduction of backgrounds associated with hard bremsstrahlung followed by rare real photon reactions, and to measure residual backgrounds in situ with well-defined data-driven control regions. In this case, the eventual sensitivity is sufficient to cover the entire range of vector portal dark matter couplings α D and required for an acceptable relic density in the regime m A > m χ (see Sec. II). With this level of sensitivity, the discovery potential is excellent, and a null result would be decisive.
One powerful advantage of the approach introduced in Sec. V is that it is amenable to data-driven estimates of the backgrounds by defining suitable low electron recoil p T control regions. In the case of an excess of events in the signal region, this approach then lends itself to a more robust characterization of a new physics signal then is available through the use of a pure calorimetry (Sec. IV) approach.
The proposal to use the SPS secondary electron beam [17] with a missing energy calorimetry approach (scenario A) is an excellent first step in a physics program to cover the GeV-scale vector portal dark matter parameter space. In practice, the detector layout described in that proposal could be augmented in a second stage with the kind of near-target tracking setup advocated here. Eventually, the higher intensity beams available at JLab would need to be exploited to achieve the full science potential of this approach -it is both interesting and valuable to investigate this possibility in more detail.
